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Inheriting the Golgi Minireview
distribute randomly into each daughter is virtually cer-Michael G. Roth
Department of Biochemistry tain (Figure 1). Careful observation of mitotic cells by
electron microscopy revealed that during prophase atUniversity of Texas Southwestern
Medical Center at Dallas the time when cytoplasmic microtubules are breaking
down, the Golgi ribbon fragments into approximatelyDallas, Texas 75235
150 tubulo-vesicular clusters and numerous small vesi-
cles, with an inverse relationship between the number
of clusters and vesicles. Based upon these observa-When cells divide, each daughter cell usually receives
tions, and a knowledge that membrane transport is in-a complete and equal set of cellular components. For
hibited during mitosis, Warren has postulated that thecellular organelles that are present in a single, or few
Golgi complex might fragment through a process ofcopies, empirical evidence suggests that specific mech-
continued budding of vesicles that have lost the abilityanisms ensure accurate and reliable partitioning of the
to fuse (Lowe et al., 1998a and references therein). Theorganelles into daughter cells. This occurs even when
inhibition of fusion would be the molecular switch byan organism has the ability to synthesize an organelle
which mechanisms regulating the cell cycle would alsode novo. For example, genetic studies with mutant S.
regulate inheritance of the Golgi complex. There is somecerevisiae show that daughter cells prevented from in-
evidence from in vitro experiments that supports thisheriting a vacuole can regenerate one when returned to
concept. Purified Golgi membranes incubated in cytosolpermissive conditions. Presumably there is a growth
from mitotic cells were found to fragment through twoadvantage for maintaining specific mechanisms for vac-
molecularly distinct pathways (Misteli and Warren, 1994,uolar inheritance that are controlled in some way by
1995). The first involved the budding of COPI vesiclesthe cell replication cycle. Learning what mechanisms
from the rims of the stacks that consumed 2/3 of thecontrol these types of organelle inheritance, and how
membrane, and the second was a less characterizedthey are regulated by the cell cycle, is an interesting
process of tubulating and fragmenting the remainingproblem (Warren and Wickner, 1996).
membranes, which might be the cores of the cisternaeDuring cell division in animal cells both secretion and
containing resident enzymes, into vesicles larger thanendocytosis stop for a brief period and then resume.
COPI vesicles. A potential mechanism for the inhibitionDuring this time the most prominent feature of the secre-
of vesicle fusion during mitosis was provided by thetory pathway, the Golgi complex, is progressively frag-
mented (Lowe et al., 1998a). The Golgi complex is nor- discovery that membrane binding by p115, a protein
thought to function for the tethering of incoming vesiclesmally a ribbon of stacked, flattened membrane cisternae
and tubular extensions that sits in a network of microtu- to Golgi cisternae, was regulated by the phosphorylation
of the p115 receptor by the cell cycle kinase cdc2 (Levinebules near the microtubule organizing center. It func-
tions to sort and concentrate membrane components et al., 1996; Lowe et al., 1998b). When phosphorylated,
the receptor did not bind p115. Using mitotic cytosol andmoving from the endoplasmic reticulum (ER) to other
organelles and is the center of a complex intracellular salt-washed, permeabilized cells, other workers have
reported that the kinase MEK1 functions downstreamtraffic of proteins and lipids. Currently there are two
competing theories for how the Golgi complex functions of cdc2 for Golgi fragmentation (Acharya et al., 1998).
In these experiments, Golgi membranes were frag-during secretion, the ªvesicular transport modelº and
the ªcisternal maturation modelº (reviewed by Glick and mented by cytosol depleted of cdc2 but not by cytosol
lacking active MEK1. However, Lowe et al. found thatMalhotra, 1998). The former idea postulates a stable
Golgi in which Golgi enzymes are sequestered into long- MEK1 did not influence fragmentation of isolated Golgi
membranes in vitro. They suggested that MEK1 mightlived cisternae through which cargo travels by means
of small vesicles budding and fusing at the rims of the function earlier during the first step in which the Golgi
ribbon is separated into individual Golgi stacks (Lowecisternae. The latter proposes that the cisternae move
cargo, which is modified by Golgi enzymes that con- et al., 1998b). Currently, in vivo evidence supporting
either of these mechanisms is lacking.stantly recycle in small vesicles, as cisternae move
through the Golgi stack. Each model leads logically to The concept that the Golgi is inherited simply through
a stochastic partitioning of fragments has recentlydifferent ideas about how Golgi components are likely
to be partitioned during cell division. Experiments to been modified. Using a GFP reporter protein for Golgi
membranes and immunocytochemistry, Shima and col-test these models have been reported in the past two
years, including in this issue of Cell, and quite similar ex- leagues found that partitioning of Golgi fragments into
daughter cells was more accurate than a random pro-periments have lead to opposite conclusions (Acharya
et al., 1998; Jesch and Linstedt, 1998; Shima et al., 1998; cess would predict (Shima et al., 1997). Examining this
observation in living, mitotic cells, they found that GolgiFarmaki et al., 1999; Zaal et al., 1999).
Inheriting a Stable Golgi Complex fragments collect around the spindle poles during meta-
phase and move into each daughter cell much slowerIf the Golgi complex is a single, long-lived organelle as
predicted by the vesicular transport model, then the than movement due to microtubule motors (Shima et
al., 1998). They suggest that Golgi fragments attach tosimplest way to ensure that two daughter cells each
receive a Golgi complex is to fragment the Golgi into microtubules radiating from the spindle poles and are
pulled into each daughter cell along with the spindle,pieces so numerous that the probability that they will
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Figure 1. Golgi Inheritance through Frag-
mentation
(1) Secretion stops at prophase, as vesicles
no longer can fuse with their targets. (2) The
rims of the cisternae bud off as COPI vesicles
and the flat core of the cisternae vesiculate
into larger fragments through a COPI-inde-
pendent mechanism. (3) Fragments and vesi-
cles disperse through the cytoplasm during
metaphase, with Golgi fragments collecting
on microtubules at the spindle pole. Golgi
fragments partition with the spindle poles into
daughter cells and (4) the Golgi stack reforms
when secretion resumes during telophase.
resulting in a more even distribution of Golgi membranes mitotic cells with a dominant-negative form of the pro-
tein Sar1p, Sar1pH79G, which rapidly inhibited protein(Figure 1).
Inheriting a Dynamic Golgi export from the ER. They then watched cells in which
the Golgi was labeled by a GFP±Golgi enzyme fusionRecent observations of the mobility of GFP proteins
that have Golgi localization signals have suggested an protein proceed through mitosis. Under these condi-
tions, if the Golgi enzymes did move through the ER, thealternative hypothesis for how the Golgi complex might
be partitioned (Lippincott-Schwartz and Smith, 1997). reporter should become trapped and the concentrated,
bright fluorescence of Golgi fragments should disap-Fluorescence recovery after photobleach (FRAP) ex-
periments revealed that Golgi enzymes move rapidly pear. Although they did not quantitate the fluorescence,
they found that some bright fluorescence indicative ofthroughout the Golgi stack (Cole et al., 1996a). This
suggested that, rather than being sequestered into sta- Golgi fragments was visible throughout metaphase, al-
though the fragments did become fainter. They con-ble cisternal domains, Golgi enzymes might be free to
enter into the recycling pathways that return escaped cluded that Golgi enzymes did not cycle back to the ER
during mitosis (Shima et al., 1998). Jesch and LinstedtER proteins from the Golgi to the ER. When anterograde
transport was inhibited by depolymerizing microtubules, examined mitotic cells by immunofluorescence and by
cell fractionation techniques (Jesch and Linstedt, 1998).Golgi membranes redistributed to the ER and collected
peripherally at ER exit sites (Cole et al., 1996b; Storrie They reported that at metaphase Golgi enzymes were
not found in discrete Golgi fragments, but in a moreet al., 1998). Chimeric proteins in which the temperature-
sensitive lumenal domain of the tsO45 glycoprotein was diffuse pattern that they interpreted as coming from
smaller vesicles. An ER membrane protein gave a similarfused to Golgi localization signals were found concen-
trated in the Golgi at permissive temperature, but moved diffuse pattern of labeling which, however, seemed to
be excluded from the metaphase spindle. Immunofluo-out of the Golgi at nonpermissive temperature and be-
came trapped in the ER (Cole et al., 1998). These results rescence for the Golgi marker giantin was seen through-
out the cell, including the spindle region, a result difficultsuggested that Golgi enzymes might cycle continually
through the ER, raising the possibility that if anterograde to explain if the two markers were homogeneously
mixed in the ER. By cell fractionation they showed thattransport was selectively inhibited during mitosis, the
Golgi would migrate back into the ER. When membrane Golgi markers were present in small vesicles at this
period, and these vesicles did not cofractionate withtraffic resumed, the Golgi would reform at peripheral ER
exit sites, generating numerous, widely distributed Golgi membranes containing proteins of the ER. They con-
cluded that the Golgi vesiculates quite extensively dur-fragments to be partitioned into the daughter cells (Fig-
ure 2). In the past year this idea has been tested directly ing mitosis, but does not fuse with the ER.
In this issue of Cell, Zaal and colleagues report experi-by several laboratories. The results obtained differ on
the questions of the extent to which Golgi enzymes ments that lead to the opposite conclusion. Using GFP±
Golgi enzyme fusion proteins as reporters for Golgi en-enter the ER and the extent to which Golgi fragments
disappear during metaphase. zymes, they find that 30% of the reporter is in the ER
at steady state in interphase cells. Since the reporter isWarren and colleagues investigated the possible recy-
cling of Golgi enzymes through the ER by microinjecting 15-fold less concentrated in the ER than in the Golgi, this
Minireview
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Figure 2. Golgi Inheritance through Retrograde Transport
(1) In interphase, Golgi enzymes cycle continuously back into the ER and are rapidly returned to the Golgi. (2) Anterograde transport stops
during prophase but recycling continues and accelerates, (3) transporting Golgi enzymes back into the ER. Golgi enzymes are mobile in the
ER and become widely distributed. (4) At telophase anterograde transport resumes and Golgi enzymes rapidly collect at peripheral export
sites in the ER. (5) Peripheral Golgi stacks are formed as vesicles derived from the ER fuse and these peripheral Golgi membranes are
transported along microtubules to assemble the Golgi ribbon in each daughter cell.
fluorescence signal is quite low and would be difficult enzymes migrate back into the ER during metaphase
and reform Golgi fragments when secretion resumesto distinguish from background staining by standard
immunofluorescence techniques. When Sar1pH79G is during telophase. Consistent with these results, during
mitosis secretion is inhibited at the point of exit frommicroinjected into cells to inhibit anterograde transport,
the GFP reporter moves from the compact Golgi pattern the ER (Farmaki et al., 1999).
The resolution of the question of whether Golgi mem-to a diffuse, ER-like pattern. Observing mitotic cells in
real time and quantitating the fluorescence signal, they branes are partitioned during mitosis by migrating
through the ER or by direct fragmentation will requiresee that the Golgi ribbon first fragments, as reported by
others previously, then the fragments disappear pro- additional experiments. However, the contradictory con-
clusions drawn from the experiments just described relygressively and are essentially absent during metaphase.
The fragments rapidly reappear during telophase. In a to some extent upon assumptions that probably should
be reevaluated. It is assumed that mitotic cells accumu-particularly important experiment, they labeled cells ex-
pressing a GFP reporter protein with the fluorescent lated by treatment with nocodazol are similar in all re-
spects to untreated mitotic cells, but it is possible thatlipid BODIPY ceramide, which becomes glycosylated
in the Golgi and subsequently becomes a marker for anterograde and retrograde membrane transport are al-
tered differently by these conditions. The assumptionmembrane lipid. Using FRAP they measured the lateral
mobility of the BODIPY ceramide and the reporter pro- that Golgi enzymes that migrate back into the ER will
cofractionate with ER integral membrane proteins re-tein in mitotic cells and found that the lipid moved 10
times faster than the protein. If the lipid and protein quires that Golgi enzymes will not partition into subdo-
mains of the ER either in vivo or under the conditionswere present together in small vesicles, they would have
the same mobility in the FRAP experiment, as they would in which cells are homogenized. In cells treated with
brefeldin A, where Golgi enzymes do quantitatively enterdiffuse together. As separate molecules in the ER, they
would diffuse in proportion to their differences in size. the ER, only newly synthesized ribophorins are available
for modification by Golgi enzymes (Ivessa et al., 1992).Assuming that the fraction of the labeled ceramide in
membranes containing the Golgi protein are a significant A similar observation has been made for a reporter pro-
tein in mitotic cells (Farmaki et al., 1999), suggestingfraction of all the membranes containing the ceramide,
this result appears to exclude small vesicles as the ex- that some segregation does occur. In the important ex-
periments employing BODIPY ceramide as a membraneplanation for the disappearance of brightly fluorescent
Golgi fragments during metaphase. Using immunocyto- lipid for FRAP analysis (Zaal et al., 1999), it is assumed
that all of the fluorescent lipid has been glycosylatedchemistry and EM, they show that two Golgi enzyme±
GFP fusion proteins are present in the cisternae of the and moves only by lateral diffusion, but this needs to be
confirmed experimentally. In any experiments involvingER in mitotic, but not interphase cells, a result reported
previously by others (Thyberg and Moskalewski, 1992; the expression of exogenous proteins, there is an impor-
tant question of how naturally the reporter mimics theFarmaki et al., 1999). Zaal et al. conclude that Golgi
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endogenous proteins it is meant to represent. The con-
venient simplifying assumption that is usually made is
that satisfying several tests of similarity between the
reporter and the endogenous protein implies that the
reporter mimics the endogenous protein in all important
aspects. Given the contradictory nature of recent experi-
ments from different laboratories, and the fact that the
GFP reporter proteins used lack the lumenal domains
of Golgi enzymes that might engage in interactions that
influence their rates of movement, this is probably a
point worth additional investigation.
In a real sense, the major difference in the models
for Golgi inheritance discussed here depends upon the
rates at which events occur. The extent to which Golgi
enzymes recycle to the Golgi or remain in Golgi frag-
ments will depend upon the rate of retrograde transport
relative to the period during which anterograde transport
is inhibited. This relationship may be sensitive to condi-
tions that are not understood at present. The two models
presented here may be polar views of a process that in
fact incorporates the essential elements of each.
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